Abstract
ICC along the gut
In the oesophagus, ICC are in the smooth muscle of the oesophagus and within the lower oesophageal sphincter (LOS) . The ICC are of the ICC-IM subtype [6, 7] . In the stomach, the ICC are more densely located in the corpus and antrum than in the fundus. In the antrum, both ICC-MY and ICC-IM are present, whereas in the fundus, only ICC-IM are found [8] [9] [10] [11, 12] . In the small intestine, there are ICC-MY, ICC-IM and ICC-DMP [13, 14] [15, 16] . In the anorectal region, spindleshaped ICC are present in both muscle layers, parallel to the smooth muscle cells. ICC are abundant, surrounding the myenteric ganglia. ICC at the submuscular plexus are less dense [17] [18] [19] [20] . [21] [22] [23] [24] [25] . (2) To mediate enteric neural signals to the smooth muscles. ICC-IM are considered to have this function [16, [26] [27] [28] . (3) To act as mechanosensors [29] . However, some of the above theories have been put into question by a number of in vivo studies that are reviewed in this article. The discrepancies between the in vitro and in vivo studies may suggest that the available mutant mice or rats have complicated physiologies than are usually assumed [30] .
. Although there are conflicting reports, in general, the distribution of ICC-MY in the stomach is in agreement with the in vivo electrophysiological recording of slow waves responsible for gastric contractions. In the pylorus, there are ICC-IM

. Compared to the small intestine, there are less ICC in the colon; the ICC in the colon include subtypes of ICC-MY, ICC-IM and ICC-SMP
Functions of ICC
Based on in vitro studies, ICC are theorized to have the following functions: (1) to pace the slow waves and regulate slow wave propagation. The involved subtypes of ICC for these functions are ICC-MY in the stomach and small intestine, and ICC-SMP in the colon
Mutant animal models used in in vitro and in vivo studies
Three mutant models, W/W v mice [31] [32] [33] , Sl/Sl d , mice [34, 35] , Ws/Ws rats [28, [36] [37] [38] [39] [40] [41] [42] , an almost absence of ICC-IM in the stomach [43, 44] , a loss of ICC-IM in the pylorus sphincter [42] , an almost complete loss of ICC-MY in the small intestine [43, 44] , a loss of ICC-MY in the middle and distal colon [45] and an absence of ICC-MY in the internal anal sphincter [17] . [28, [36] [37] [38] [39] [40] [41] . ICC-IM were found to be absent in the LOS [36] , the antrum [37] and the pylorus [38] . The ICC-MY are present in the stomach [37] . In the small intestine, ICC-MY were reported to be absent, but ICC-DMP were present [39] . 
Roles of ICC in generating slow waves
Gastrointestinal slow waves and their clinical significance
In most of the clinical studies investigating the role of slow waves in controlling gastrointestinal motility, the slow waves are recorded using bipolar electrodes attached to the serosa or mucosa of the stomach or the abdominal skin [46] . The myoelectrical activity of the gut is composed of slow waves and spikes [47, 48] [50] . Aborad to this point, there is a diminishing slow wave frequency gradient along the small bowel to a rate of 14 cpm in the distal ileum [50, 51] . In human beings, slow waves in the duodenum and proximal jejunum occur at about 12 cpm, with an aborad gradient to about 9 cpm in the terminal ileum [52, 53] . Whether a proximal plateau of identical frequencies is present in the human duodenum and proximal jejunum has not been clearly shown [52] . Transection and reanastomosis of the small bowel decrease the slow wave frequency in the distal segment in both dogs [54] and man [55] . In addition, at least in dogs, the propagation of slow waves in the distal segment becomes abnormal, with a high percentage of these slow waves propagating in an orad rather than an aborad direction [56] .
The [46, [58] [59] [60] . A recent study in our laboratory has revealed that tachygastria is ectopic and of an antral origin [61] . [60] and symptoms of nausea and vomiting [62, 63] . Unlike tachygastria, bradygastria is not ectopic and reflects purely a reduction in the frequency of normal pacemaking activity. That is, the entire stomach has one single frequency when bradygastria occurs [61] . Figure 2 illustrates a typical example: gastric slow waves were of a reduced frequency, but originated and propagated distally from the proximal stomach. It is seen that [16, 28, 34, [36] [37] [38] [39] [40] [41] 92] .
in the neurotransmission between the enteric neurons and the smooth muscles, and therefore, play important roles in the regulation of the gastrointestinal tone since the tone is largely regulated by the enteric neurons via certain neurotransmitters such as nitric oxide (NO). A detailed discussion on the roles of ICC in neurotransmission is presented in the following sections.
Roles of ICC in regulating peristaltic contractions
A number of studies (mostly in vivo) have investigated the roles of ICC in regulating peristaltic contractions along the gut. Impaired
mouse. The electrical signals were recorded from two pairs of electrodes placed on the serosal surface of the duodenum at an interval of 5 cm. Top channel in each panel was from the proximal pair of electrodes, whereas the bottom channel was from the distal pair of electrodes. (A) Antegrade propagation. (B) Retrograde propagation. (C) Antegrade propagation followed by an absence of propagation. gastrointestinal contractions have been frequently reported in all three Kit-mutant models of rats and mice discussed previously
In an in vivo study performed in Huizinga [93] . [28] . In another in vivo study, the number of contractions in both the ascending and sigmoid colon in Ws/Ws rats was found to be significantly lower than that in the control rats [94] . An in vitro muscle strip study, however, showed unaltered colonic contractions in the proximal colon of Ws/Ws mutant rats [41] .
In the colon, impaired colonic contractions were recorded in Ws/Ws rats in which the density of Kit-positive cells was markedly reduced. The wild-type, but not Ws/Ws, rats showed low-and highfrequency cyclic depolarization that was associated with highly regular myogenic motor patterns at the same frequencies. In Ws/Ws rats, irregular patterns of action potentials triggered irregular muscle contractions, occurring within a band width of 10-20 cpm. Spontaneous activity of the nitrergic nerves caused a sustained inhibition of the muscle activity in both wild-type and Ws/Ws rats
In summary, ample data exist in the literature showing motility abnormalities with the loss of ICC [95] , and these findings are consistent with the physiological findings in patients: abnormalities in slow waves lead to impaired motility of the gut [60] . There is no doubt that ICC play an important role in controlling gastrointestinal motility. [42] .
Roles of ICC in mediating neural transmission
In vitro studies
A number of in vitro studies have suggested that ICC-IM in the stomach and ICC-DMP in the small intestine mediate the enteric neural input to the gastrointestinal muscle cells.
LOS and pylorus sphincter In the LOS and pyloric sphincter, ICC-IM was reported to mediate nitrergic neurotransmission between the enteric nerves and muscles [42]. The LOS and pylorus sphincter contain spindle-shaped ICC-IM that form close relationships with the NO synthase-containing nerve fibers. The pylorus contains ICC within the myenteric plexus and c-Kit immunopositive cells along the submucosal sur-
Stomach
Similar to the LOS and pylorus sphincter, there is a loss of ICC-IM but normal distribution of inhibitory nerves in the stomach.
However, the NO-dependent inhibitory neuroregulation was reported to be greatly reduced, and smooth muscle tissues relaxed in response to exogenous sodium nitroprusside, whereas the membrane potential effects of sodium nitroprusside were attenuated [26] . These data suggested that ICC-IM in the stomach play a critical role in NO-dependent neurotransmission in the stomach. A similar role of ICC-IM in cholinergic excitatory neurotransmission was also reported [96] : in W/W v mice, there was a loss of neural responses in the smooth muscles to cholinergic stimulation [97] .
Small intestine In the small intestine, ICC-IM are replaced by a dense network of ICC located at the level of deep muscular plexus; ICC-DMP are
intimately associated with the enteric nerve terminals [98] . The enteric nerve terminals appear to form synapses preferentially with ICC-DMP rather than the smooth muscle cells [99] . [28] . These data suggest that ICC are not essential for the nitrergic neural transmission.
In vivo studies
On the contrary, most of the in vivo studies do not seem to support the theory that ICC-IM or ICC-DMP are critical for neurotransmission. The findings of these in vivo studies are discussed in this section. [17] .
Lower oesophageal sphincter In the LOS, ICC-IM do not seem to play a role in the nitrergic neurotransmission. The LOS mains a basal tone and relaxes with swallowing that is caused by the activation of inhibitory nonadrenerignoncholingergic nerves. NO has been shown to be a major inhibitory neurotransmitter. In mice with neuronal NO synthase gene disruption (nNOS
Roles of ICC as mechanoreceptors
The theory that ICC act as mechanoreceptors in the gut is based on morphological studies and one single physiological study [29, 106, 107] 
